The paper summarises an investigation of the volcanology of the Venetia kimberlite cluster and the country rock structures in the immediate vicinity of the pipes. Our study shows that the pre-existing country rock structure and the stress field prevailing during emplacement control the position and morphology of the pipes. The pipes were formed along pre-existing zones of weakness, and the pipe shapes are elongated in the direction of fractures and faults. The highest degree of vertical and lateral pipe shape irregularity is found in the vicinity of country rock structural weaknesses. The understanding of this relationship between pipe geometry and country rock structure can significantly affect mineral resource models.
Introduction
Tectonic control on kimberlite emplacement is integrally linked with the understanding of the physical structure of the lower lithosphere. Currently accepted models favor mantle hotspots (e.g. Crough et al., 1980) , continental rifting (e.g. White et al., 1995) , or shallowangle subduction (e.g. McCandless, 1999) as triggers for kimberlite generation and ascent. It is generally accepted that prominent deep crustal discontinuities act as favorable ascent paths for the magma towards the surface (e.g. Friese, 1998) . However, few publications actually document how the near-surface crustal weaknesses affect the shape and the positioning of pipes within clusters, or even the effects of the local structures on volcanism. Deakin and White (1991) describe the emplacement of the Argyle lamproite during local extension related to transcurrent shearing within the Halls Creek Mobile Zone of Australia. White et al. (1995) proposed a strong relationship between kimberlite occurrences on the African, Australian and Canadian cratons, with deepcrustal mobile belts undergoing transtension or being reactivated as a landward extension of transform faults.
Detailed work on local structural geology in the Canadian kimberlite fields shows the clear association between kimberlite cluster trends and pipe shapes with upper crustal discontinuities (e.g. Lake Timiskaming Structural Zone - Sage, 1999) . The Jericho pipes of the Slave Craton are located along an east-northeast striking lineation, while the distribution of kimberlites in the Diavik area follows a northeast-trend (Cookenboo, 1999) . Card et al. (1997) relate an orthogonal system (northeast and northwest trending) of arch-style uplifts of pre-existing structures to the location and timing of kimberlite magmatism on the Canadian Shield. Kurszlaukis et al. (1998b) and Kurszlaukis and Lorenz (2000) described a distinct elongation of many kimberlite pipes parallel to pre-existing faults and joints within the country rock of the Gibeon Kimberlite Field. Kurszlaukis and Lorenz (1996) also report a direct control of the stress field on the shapes of diatremes surrounding Gross Brukkaros, a carbonatitic dome structure in southern Namibia. Zhang et al. (1989) and Dobbs et al. (1994) describe a close structural control on the location and outline of highly eroded pipes in the Shangdong Province, China.
Volcanological and Structural Aspects of the Venetia Kimberlite Cluster -a case study of South African kimberlite maar-diatreme volcanoes
Data from the West Eifel Volcanic Field, Germany, also demonstrate a close relationship of the style of eruptions with structural inhomogeneities of the country rock. (e.g. Büchel, 1984; 1993; Büchel et al., 1987; Lorenz, 1973; 1986; Lorenz and Büchel, 1980) . There, maar-diatreme volcanoes are formed by phreatomagmatic activity on the intersections of mostly basaltic dykes with local water bearing faults or joints, especially but not exclusively underneath valley floors. If meteoric water is not available, scoria cones are formed by magmatic activity, without diatremes. The West Eifel Volcanic Field represents a classic example of how pre-existing country rock structures influence and control the emplacement behavior of rising magma in the uppermost crust. For that reason, the internal and external geology of a volcano must be carefully mapped and evaluated to understand its emplacement.
The kimberlite occurrences in the Limpopo Belt, including the Venetia cluster, follow a strong eastnortheast trend through the Belt. Watkeys (1983a) used aerial photograph interpretations to show the strong association of the Venetia and Beit Bridge kimberlites with east-northeast striking lineations. The actual position of the Venetia pipes is related by Watkeys (1981) to a fracture and fault striking north and northeast respectively from an extension of the northwest-trending Siloam fault zone. These faults, and the nearby intersection of the east-northeast striking Dowe-Tokwe fault with the Siloam fault zone, potentially provided a crustal opening for ascent of the kimberlite magma. Watkeys (1981) also drew attention to the northwest trend of the Venetia K1, K2 and K3 pipes.
Although the authors intentionally do not suggest an emplacement mechanism for the Venetia pipe cluster, it is of importance to understand the principles of the models to be able to follow the discussion of the volcanological features presented in this paper. Over the last two decades two principally different genetic models were developed to explain the emplacement mechanism of kimberlite pipes.
The one model, termed the "magmatic model", operates with an assumed high volatile content in a kimberlite magma rising to shallow pre-eruptive subsurface levels. Fluids are concentrated at the tip of the rising kimberlite magma column and are initially prevented from breakthrough to the surface by the presence of a sealing cap rock(s), such as thick basalt layers or impermeable sandstone beds. The fluids are rammed into the country rock surrounding the kimberlite and fragment these country rocks. With the breakthrough to surface, a fluidisation front moves violently down the magma column, fragmenting and mixing kimberlite magma and country rock xenoliths from different lithologies. The consequent rock is called a "Tuffisitic Kimberlite" ("TK") or "Tuffisitic Kimberlite Breccia" ("TKB"), depending on its xenolith content. These "TKB's" are by definition intrusive rocks and must therefore be unbedded (Clement and Reid, 1989) . "TKB's" are highly specific rocks, which, with few exceptions on a worldwide scale, apparently occur only within the larger kimberlite diatremes of southern Africa. "TKB's" exhibit characteristic petrographic features, like the presence of pelletal lapilli and abundance of microlitic clinopyroxene. This emplacement model (and its variations) , is discussed in the publications of Clement (1975; , Hawthorne (1975) , Skinner and Clement (1979) , Clement and Skinner (1985) , McCallum (1985) , Clement and Reid (1989) , Field et al. (1997) , Field and Scott Smith (1999) , Scott , and further references therein.
The second, contrasting model uses the interaction of the hot magma with external, meteoric water as the energy source for the fragmentation of magma and country rock. This model is termed the "phreatomagmatic model" (Lorenz, 1975; 1979; 1986; 1987; White, 1991; Lorenz and Kurszlaukis, 1997; in preparation; Lorenz et al., 1999a; . The model was developed contemporaneously with the magmatic model and is generally accepted among scientists to explain the emplacement of non-kimberlitic maardiatreme volcanoes world-wide. The model is supported by experiments (e.g. Zimanowski et al., 1991; 1997; Lorenz et al., 1999b; Morrissey et al., 2000) providing a well constrained understanding of the physical processes involved (Büttner, 1997; Büttner and Zimanowski, 1998) , and observations in nature (Kienle et al., 1980; Ort et al., 2000; White and Houghton, 2000) . Experiments on remelted kimberlite show that very violent explosions can be generated with this magma type as well (Kurszlaukis et al., 1998a; Lorenz et al., 1999a; . In the phreatomagmatic model, most of the thermal energy of the magma is converted into highly energetic, supersonic shock waves, which are able to fragment not only the magma but also the country rock. The smaller portion of the thermal energy is used to transfer meteoric water into steam, which transports the previously fragmented magma and country rock particles to the Earth's surface.
Although both models do not exclude processes of the opposite model, the principal difference remains the energy source required to form a deep diatreme in the country rocks from a rather narrow feeder dyke: in the magmatic model it is the expansion of juvenile volatiles, in the phreatomagmatic model it is the thermal energy of the magma converted to shock waves and steam.
This paper presents geological and structural observations of the Venetia kimberlite pipes at the current mining level and within drill cores, which have to be explained in the development of any pipe emplacement model for Venetia.
Geological setting
The Venetia kimberlite pipes are located within the Limpopo mobile belt, which is an ancient collision zone of the Kaapvaal and Zimbabwe craton. At the present erosion level the country rock in the Venetia area appears as a complex arrangement of Proterozoic
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Figure. 1a to c: The surface outlines (678m asl), pipe positions and a simplified map of the internal geology of the pipes and dykes of the Venetia kimberlite cluster (modified after Seggie et al., 1999, Colgan (pers. comm.) and Skinner (pers. comm.) ) is shown in (a) (b) highlights the pipe outlines at 678m (surface), 630m and 606m asl. (c) shows the most important faults, shear zones and joint sets in the Venetia area together with the pipe outlines at 630m asl.
gneisses, amphibolites and metasediments of the Limpopo Group. In the Venetia area, the Limpopo Group is believed to have a thickness of about 10km and is overthrust onto Archean rocks of the Zimbabwean craton (Pretorius, 1996) . The overthrust may be related to the Limpopo orogeny (Barton and Pretorius, 1998) .
The basement rocks form a synclinal structure dipping east-west, with the kimberlites of the cluster located in the fold axis of the syncline. The country rock appears to comprise two main packages of rocks belonging to the Limpopo Group. The first package is exposed in the open pit and is closely associated with the kimberlite contacts at the current depth of exposure. It can be described as a high metamorphic grade gneissic package (upper amphibolite facies) that dominates the core of the synclinal structure within which the pipes are located. Biotite schist and biotite gneiss predominate, with common lenses and layers of amphibolite. Quartzo-feldspathic gneiss also makes up a significant proportion of the rock types. The second package can be described as a meta-sedimentary package. It occurs in the outer limb enfolding the gneissic package in the syncline. This package comprises marble and limestone, fuchsitic quartzite, phyllite, calc-silicate rocks, and lenses of both amphibolite and banded iron formation. The kimberlites were emplaced into this second package at depth, but in the current exposures the metasediments are in direct kimberlite contact only on the northern edge of K2 and all around K3.
The two packages appear to be tectonically juxtaposed by shearing with a structurally complex contact zone of cataclasite, hydrothermally altered schist and isoclinal folding in between. Retrograde mineral growth is abundant throughout both packages of rocks. The most common metasomatic process was epidotisation giving the altered rock a greenish colouring, particularly around the shear zones. This hydrothermal alteration is most distinctly developed within faults and shear zones, giving evidence to significant quantities of water that migrated along the faults in the geological past. The lithology of the two packages at Venetia Mine has not yet been clearly associated with the lithology of the Beit Bridge Complex characterising the rocks of the Limpopo Group around Messina (e.g. Watkeys, 1983b; Hoffman et al., 1998; Kröner et al., 1998) . There are also two varieties of intrusives that predate the kimberlite. A 25 to 60m thick dolerite sill is intruded at a depth of about 250m below present day surface. The dolerite shows strong evidence for hydrothermal alteration, particularly along joints. Dykes occasionally extend from the sill upwards. At least two phases of pegmatites also intruded the country rock.
Little is known about the erosion rate in the Venetia area since the time of emplacement of the pipes ~519 Ma years ago (Phillips et al., 1999) . The contemporaneous River Ranch kimberlite ~45km to the east-northeast shows a high abundance of crater facies blocks (Muusha and Kopylova, 1998) , suggesting a relatively low erosion rate since emplacement. The Oaks pipe (of similar, but slightly younger age; Phillips et al., 1999) , which is situated ~125km to the west, is identified as an exhumed root zone. However, since the original size and emplacement history of these pipes is unknown, no further conclusions should be drawn from these observations. At Venetia, grey and red shale as well as vesicular basalt xenoliths found in the kimberlite of the various pipes suggest that a sedimentary sequence, probably of the Soutpansberg and Waterberg formations, overlaid the Proterozoic basement at the time of emplacement (Bumby et al., 2001 and references therein) . It is, however, difficult to estimate the erosion rate, since it is not easy to link these xenoliths to the preexisting stratigraphy of the Precambrian Waterberg Group. Brown et al. (1998) suggested a denudation of the Kaapvaal craton of 3.4 ± 1.4km due to lithospheric uplift about 90 Ma ago. However, since Carboniferous Karroo sediments do crop out close to Venetia this erosion rate would only have affected sediments deposited after the emplacement of Venetia and is thus not relevant for the erosion history of the pipes. The erosion of the Venetia pipe cluster must have happened between its emplacement and the onset of the Karoo sedimentation, and, to a minor extent, during the Late Tertiary and Quaternary.
The Venetia kimberlite cluster consists of 14 bodies that outcrop in an area of about four km 2 ( Figure 1a ).
The largest and central body is "K1" which covered an area of about 12ha at the present surface. K1 is kidneyshaped, about 650 by 200m in size, and elongated eastwest. Most of the pipe is infilled by fragmental kimberlite, but localised hypabyssal kimberlite intrusions occur at the margins as well. A country rock breccia occurs in contact with K1 at the southeastern margin and is delineated by prominent fractures at its western and eastern side ( Figure 1c) . The breccia occupies a 150m deep and 100m wide space within the country rock. An increased number of country rock xenoliths within the pipe adjacent to the breccia testifies to the syngenetic relationship of the breccia with the pipe. The second largest pipe of the cluster is K2, which occurs to the west of K1 and is separated from K1 by a thin country rock barrier of about 200m thickness. K2 is roughly oval in shape, with dimensions of about 250 x 200m and covers an area of 5ha at the present surface. Towards its western side K2 is occupied by a breccia that is very rich in country rock clasts. The central part of the pipe is filled by "TKB", but at depth, and especially towards the southern and western margin, hypabyssal kimberlite is present.
Structural geology
The synform structure in which the kimberlite pipes have been intruded plunges at about 31°eastwards in the vicinity of the pipes. It is a similar-type fold verging southwards with the northern limb vertical to overturned. The closure is clearly visible in aerial photographs to the west of K2. Mapping (Doorgapershad et al. 2003) shows that the synform also closes to the east and is therefore cross-folded. Remnant primary sedimentary structures in the meta-quartzites indicate the synclinal nature of the fold. In the pit and in cross-sections of the geological model it is clear that the K1 pipe is situated just to the south of the fold axis and was therefore emplaced within the southern limb (Figure 1c ). K5 appears to be on the hinge zone of the fold, although it is unclear what the relationship is at depth.
There are three primary directions of faults exposed in the Venetia farm area, which are striking east-west, northeast and northwest. The Lezel Fault is part of the northeast striking Mutshilashokwe Fault Zone (Watkeys, 1981) and intersects the open pit and eastern edge of the K1 kimberlite pipe (Figure 1c) . The position and geometry of the other satellite pipes east of K1 appear to be closely related to the Lezel Fault (described below). The Lezel Fault has horizontal striations on the fault plane with 100 to 150m of displacement evident on aerial photographs. Seepage observations in the pit and borehole pump tests show that the north-east striking fractures and faults are hydrologically active.
The approximately east-west striking faults (Figure 1c ) also show horizontal striations on the fault plane. Actual variation in strike is between eastnortheast and west-northwest. This trend may be related to the east-north-east trend of the Dowe-Tokwe Fault about 7km south of Venetia. The K1 elongation and the shapes of K4 and K7 are discussed below in this paper in the context of the east-west fault orientation. It is clear from the tectonic history of the Limpopo Metamorphic Belt that the faults may have been re-activated numerous times (Watkeys, personal communication, 2001) . The geometry of the kimberlites indicates that the faults existed prior to kimberlite pipe emplacement, but the strongly sheared nature of the kimberlites along the Lezel Fault shows that further displacement definitely occurred after kimberlite emplacement.
A prominent northwest striking fault (an extension of the Siloam Fault Zone) is present 10km south of the mine. Watkeys (1981) postulated that the northwest striking fault, northward trending fractures and the northeast striking faults have controlled the position of the Venetia kimberlite cluster.
There are numerous joint sets exposed in the Venetia Mine open pit. The sets do not appear to be axial planar or otherwise related to the major folding event. Aerial photograph interpretations suggest that some of the joints shear through the kimberlite, indicating that these sets either formed or were re-activated after emplacement. The aerial photograph interpretation suggests strikes for at least four joint sets (also M. Watkeys, personal communication, 2001 ). Detailed line sampling in the open pit by geotechnical engineers has distinguished up to eight sets developed in the country rock (see Barnett, (2003) for a detailed description). Figures 1c and 2 show the four most dominant joint sets.
The J0 joint set represents the best-developed joint set, in the form of a mechanical parting of the metamorphic layering. The lineation, most strongly developed on aerial photographs, strikes northeast, almost parallel to the Lezel fault and occasionally in east-northeast directions. The J2 joint set is sub-vertical and locally very well developed in the pit. Another set strikes north-south in aerial photograph but appears to rotate towards the north-northeast in the vicinity of K1 and K8. This is the J1 joint set. In aerial photographs J1 clearly forms in en-echelon patterns that elongate towards the northwest, typical of tension joints forming under north-south compression. In such a model the less common, "overlapping" north-north-east joints may have been pre-existing, but also reacted in tension to the same stresses.
The aerial photographs also show that there is at least one set striking west-northwest, and another towards the north-west. J4 is the west-north-west joint set, also sub-vertical and varying towards east-west. J6 strikes towards the northwest and on average dips 50 o towards the southwest. Observations in the pit suggest a strong genetic relationship between J6, minor NW faulting and the east-west faulting (Barnett, 2003) . Northwest striking lineations connect K1, K2 and K3 along strike ( Figure 1c ). The other sets clearly exposed in the pit are never well developed and dip at intermediate angles (see Figure 1c) .
The J1, J2 and J6 joint sets are poorly developed within the kimberlite and all have sub-horizontal striations. In places these joint surfaces show two sets of striations, with plucking indicating an opposite shear sense. The kimberlite must have been partially sheared by at least two tectonic events. This is not surprising considering that the deposition of the Karoo within graben basins into the Limpopo Group basement and that the tectonic break-up of Gondwana post-dates the kimberlite emplacement.
Judging from the above descriptions, it is concluded that the origin of the joints is likely to be strongly linked to the formation and re-activation history of the faults, and has a strong control on the pipe shapes. In general, the pipes show the highest degree of irregularity with respect to pipe outlines and depth development in those areas where the pipes are in contact with zones of weakness within the adjacent country rock.
Pipe shapes
Pipe shapes appear highly variable. In plan they include spherical, and oval to irregular shapes. In general, the pipes seem to be elongated into west-northwest to eastsoutheast or northeast-southwest directions (Figure 1) . One of the most irregular pipes in the cluster is also the largest one (K1). The infill of K1 seems to consist of at least two major units, one occupying the eastern and one the western part of the pipe ("TKB East" and "TKB West"; Seggie et al., 1999) . Recent petrographic work conducted by Skinner (personal communication, 2000) suggests a more complicated picture with at least three different units of fragmental kimberlites. At 400m depth there is still no indication that the pipe splits into separate roots, which would be one of the possible explanations for the complex pipe shape, the multitude of volcanic units and the variations in diamond grade.
The complex shape of K1 seems to be controlled by the country rock structure. K1 is generally east-west elongated, but has its highest degree of irregularity at its eastern end, where it extends towards the north-east. It is in this region that the Lezel shear zone strikes towards the northeast. A splay of this fault passes directly through the centre of the northeast extension of K1 ( Figure 1c ). The general east-west elongation correlates closely with the east-north-east strike of joint set J4, which is developed in the country rock west of K1. The Lezel fault clips the southeastern corner of K1 and then passes east of the main kimberlite body.
The pipe outline of K1 seems to be controlled not only by pre-existing faults within the country rocks, but also by the stratigraphy of the adjacent basement lithologies. The folded stratigraphic layering plunges eastwards at ~31°. The western K1 boundary also dips eastwards at a relatively shallow angle apparently following the country rock layering closely in places.
A number of small kimberlite bodies and dykes have intruded along the Lezel fault plane. From the south the K1 pipe has a hypabyssal intrusion extending southwards between the two splays of the fault zone. Further east are the K17 and K10 dyke-shaped bodies. K10 is clearly emplaced on the Lezel fault, is strongly sheared by a re-activated movement on the fault, and is highly altered due to groundwater flowing along the fault. North of K10 is K16, that strikes northwards away from the fault plane, possibly along the J1 joint sets. It is clear from Figure 1b that both K16 and K17 are kimberlite bodies that do not extend to the present surface. North of K16 is K6, which is clearly elongated along the strike of the Lezel fault plane. The northern tip of K6 intersects the synclinal fold axis with the contact edges being strongly controlled by the folded metamorphic layering as it intrudes partially along the axis. K6 elongates northeastwards and coalesces with K5 at depth. Near the surface K5 is a wider, irregular kimberlite body that is partially elongated towards the east-northeast. K5 appears to be on the intersection area of the two northeast trending fault splays and the westnorth-west striking Gloudina fault. Approximately 20m of the eastern edge of the K5 kimberlite is strongly sheared, again showing that the faults have been reactivated. Exploration drillholes indicate that dykes, which intruded along the Lezel fault plane, connect K17, K10, K16, K6 and K5 at depth.
K4 is a very irregularly shaped kimberlite pipe that extends strongly along an east-south-east trend away from K6. Protrusions appear to extend along north-east striking joint sets away from the main body, but the overall shape is likely to be controlled by a westnorthwest trending fault. A drillhole situated east of K4 was intended to intersect such a fault. The drillhole did SOUTH AFRICAN JOURNAL OF GEOLOGY VOLCANOLOGICAL AND STRUCTURAL ASPECTS OF THE VENETIA KIMBERLITE CLUSTER intersect strongly sheared gneisses and schists and yielded significant groundwater.
A set of joints strikes northwestwards from K1 intersecting K2 and then K3 along the same trend. K2 is an internally complex pipe that appears to be divided into a distinct eastern and a western half. The eastern side has been documented as a "TKB" facies and the western half as a hypabyssal breccia facies with a transitional segregationary textured kimberlite at the contact between the halves (Figure 1a ; Seggie et al., 1999; Skinner, personal communication 2000) . However, investigations in the open pit and of drill cores reveal a crudely bedded nature of the "TKB" infill. K2 lies on the intersection of a strong northeast trending fracture/fault set (J2) and the northwest striking joints (J6). In addition, there is an eastward striking fault clearly visible on the southeastern edge of the pipe. This fault has caused the irregular shape on the southeastern corner. A distinct extension of the K2 pipe expands northwestwards towards K3, obviously following the north-west-striking joints. The extension is filled with country rock breccia (see observations in section 5.1 and Figure 5 ) and being nearly non-existent at surface it increases in size towards the northwest with depth.
K3 occurs at the end of the northwest trending joint set as a very irregular pipe outcropping at surface with a protrusion extending towards the west. This protrusion appears to shorten and narrow towards depth, although more detailed exploratory drilling is required to confirm this. The overall east-west alignment of the protrusion is the result of two trends, a northeast trend where a prominent northeast striking fracture intersects K3, and a joint controlled side-step of the protrusion towards the northwest. The position of K3 is coincident with the intersection of the northeast fracture and the northwest trending joints.
K8 is an unusual hypabyssal breccia pipe with a strong north-northeast alignment since it lies along north-northeast trending fractures. The full geometry of the pipe is not known at this stage but it is clear that the K8 kimberlite is surrounded by a wide (perhaps as much as 20-30m) and irregular envelope of country rock breccia. Very little is known about the K11 kimberlite found north-northeast of K1. Pipes K7 and K12 appear as separate bodies at the present surface, but about 20m below the surface they merge into one body that is elongated towards the northwest, again following a northwest trending fracture or fault. This same fault forms the southern contact of a prominent rectangular body of country rock breccia that is found immediately east of K12 and extends northwards into the K1 pipe (see also section 5.1). The eastern and western edges of this breccia body are extremely sharp and defined by south-south-west striking J1 fractures. The K12 and K7 bodies have not yet been modelled to the depths indicated in Figures 1b; c.
The above observations highlight the importance of the influence of the following structures on the Venetia pipes positions and shapes: [1] northwest striking minor faults, fractures and joints (including J6), [2] northeast striking faults and joints (J2), and [3] north-south to north-northeast striking joints (J1). As mentioned above, J1 forms as tension fractures in en-echelon envelopes that imply north-south compression. Following this model through implies dextral re-activation of northwest striking minor-faults, and sinistral re-activation of northeast striking faults. The combination of these two fault directions respectively with north-south tension joints during north-south compression would produce dilational jog on the faults and areas of crustal extension. A swing in the direction of compression towards the northwest at the time of kimberlite emplacement would open up the north-west faults (such as the Siloam fault) allowing the migration of kimberlite to the surface (M. Watkeys, personal communication, 2002) . The actual growth of the kimberlite pipe shape during volcanism would then be governed by joint-controlled tensional failure and slumping of the pipe sidewalls.
Geological observations in the kimberlites
Observations in the open pits Country rock dominated breccias occurring along the margins of the pipes
Geological observations in the pits indicate a generally sharp contact of the kimberlite pipes with the country rock. The country rock appears only locally brecciated by tectonic fracture zones (see section 4) or by volcanological processes (e.g. contact breccias related to root zones). This is especially true for K1, where the country rock at the contact is only brecciated in one specific area at the southwest side of the pipe. As mentioned in section 4 this country rock breccia is confined by fractures and faults, which not only define its sharp boundaries to the east and west, but also the southern side of the breccia furthest from the pipe (Figure 1c) . The latter roughly northwest trending fault defines the breccia's extent towards the south and was exploited by various intrusions of hypabyssal kimberlite, forming the kimberlite bodies K7 and K12. At the contact with the breccia, the "TKB" of K1 shows a high content of xenolithic basement fragments, which are thought to derive from the breccia and which were mixed into the "TKB", suggesting a syngenetic generation of the breccia and K1. The country rock blocks within the breccia reach sizes up to 10m (Figures  3a; b) , but most fragments are less than 0.5m in diameter. The disorientation of the country rock is not very obvious, but a downward slumping of the breccia towards K1 is evident. The matrix of the breccia seems to consist of finely brecciated country rock without any kimberlite present. The cement is secondary carbonate. Near the southern margin of the breccia, both a strongly cemented country rock breccia and a poorly cemented country rock breccia are found in the same exposure with a sharp contact between them (Figure 3b ). This suggests that the emplacement of K1 extended over time, since the initial breccia was consolidated and cemented before renewed volcanic activity The breccia shows a sharp contact to unbrecciated country rock on the left hand side. A shear zone along the contact suggests movement of the breccia. The central part of the breccia appears compact and solidified, while the breccia above and right of the stippled red line was re-activated after consolidation. A downward movement of this breccia is indicated. occurred, causing subsidence and re-brecciation of the material.
A part of the northern contact of K4 with the country rock consists of a monolithic breccia, which is exposed to a width of ~25m and to a height of ~12m. The clast sizes range from millimetres to a few decimetres. Elongate clasts are strongly orientated along dislocation or shear planes that dip towards the centre of K4 (Figure 4 ). The contact with the unbrecciated country rocks is sharp and exploited by a late hypabyssal kimberlite intrusion. Some thin hypabyssal dykes also intrude the breccia near the kimberlite contact. We interpret this breccia as a contact breccia, a feature that has also been observed in a number of root zones of kimberlite pipes within the Kimberley field in South Africa (Clement, 1982; Clement and Reid, 1989) and elsewhere in the world (Lorenz and Kurszlaukis, in preparation) .
On the northwestern side of K2 a kimberlite breccia, with a country rock xenolith content exceeding 80%, protrudes in the direction towards K3, following northwest-striking joints ( Figure 5 ). The breccia extends over the complete height of bench four (12m) and over a width of about 40 m. The breccia forms an extension of the K2 pipe that grows larger and further from K2 with increasing depth. The full depth of the pipe extension is currently unknown, but the cave-like nature of the extension with an overlying hangingwall is clear from mapping. The lateral contact to the unbrecciated country rock on bench four is sharp and clearly defined. Within the kimberlite breccia, large blocks of country rocks appear tilted away from the sidewalls into the breccia zone (as is suggested by the rotated appearance of the foliation and joint bounded edges of the blocks) and collapsed from the hangingwall of the cavity. A finergrained breccia is more abundant in the lower half of the bench four exposure where it is observed draping over and lapping onto the larger xenolith blocks. This finergrained material (clasts from 5 to 30cm) is bedded on a decimetre scale, manifested in a crude rounding of clasts, clast orientation and a variation in kimberlite matrix ( Figure 5 ).
We interpret this kimberlite breccia as a cavity open towards the pipe, which was subsequently filled up by volcanogenic as well as collapsing roof and wall rock material. It appears that after the cavity was formed, a large block of country rock collapsed and tilted from the side towards the centre of the void space and that only then was the cavity filled up with finer material (the bedding of this material is lapping onto the large block) before the roof of the cavity finally collapsed ( Figure 5 ). Late hypabyssal kimberlite intrusions (with variable contents of country rocks) exploited the northwestern margin of the breccia-filled cavity. We regard this unique feature as being related to the emplacement of K2. Figure 6 shows the view facing directly away from the centre of pipe K2 towards the northwestern brecciafilled cavity (see above) very close to and parallel to the country rock contact. The face can be considered to show the "entrance" of the breccia-filled cavity into the pipe. It shows the same breccia facies exposed in the west and southwest side of K2 (see below). However, bedding within these breccias is less clear than in the other breccias described from K2. The volcaniclastic breccia shows signs of slumping and the boundaries between "packages" of different layering appear to be controlled by soft-sediment faults. In general the layering of the breccia dips away from the country rock contacts on the east and west and towards the centre of K2. A "U"-shaped channel is visible just right of the centre of Figure 6 , which must be channelling volcanic breccia in or out of the cavity.
Country rock dominated breccias occurring within the pipes
The western portion of K2 comprises monolithic country rock dominated breccias that are exposed on bench 5 over the entire western half of K2 (Figures 7 and 8) . The clasts consist entirely of local basement lithologies. The basement clasts often show a high sphericity and are relatively well sorted with clast sizes mostly between 5 and 50cm, although blocks up to 4m were observed. The smaller clasts frequently show concave percussion marks, which seem typical for rounding in the vent (Figure 9 ) (Lorenz, 1971a; . The matrix of this breccia is made up of finely comminuted and highly altered clastic and kimberlitic material ( Figure 10 ) and sometimes shows internal bedding (Figure 11) .
The breccias are characterised by their internal structure. They show clear bedding and orientation of elongated clasts dipping with an angle of about 30 to 35°t owards the centre of K2 (Figures 7 and 8) . Bed thicknesses are between several decimetres and about 10 metres. The beds are not planar, but often wedgeshaped. They are defined by differences in clast sizes and sorting and can be clast-or matrix-supported. Sequences of beds form fan-delta-like, 10 to 30m thick packages, with a discontinuous onlapping of beds between the packages (Figure 7) . The approximately 150m long face of bench 5, where these bedded breccias are exposed, comprises about 5 of these packages (Figure 7) .
We interpret these bedded breccias in K2 as talus fans filling up the crater floor from the side by rock avalanches. The talus fans are clearly on lapping away from the crater sides towards the pipe centre. The talus fans closest to the southwest and western country rock contacts appear virtually devoid of kimberlite matrix and contain the largest and most angular joint-bounded country rock fragments. These talus fans are visually identical to slope failure "fans" at the base of the open pit of the mine. It is perhaps not surprising that the slopes south-west of K2 are for geological reasons the least stable in the open pit, with up to 60% of the slope's area having undergone failure (Barnett, 2003) .
However, the monolithic nature of the breccias requires a special explanation, especially since the TKB, which is filling the central parts of K2, seems to overly the fans and contains xenoliths of the Waterberg formation, which are absent in the talus fans. We suggest that these monolithic breccias are the result of a series of very localised crater sidewall collapses. The process could have been enhanced by the instability of previously brecciated basement country rock. Remnants of contact breccias would be an example of such fragmented zones in the country rock, as well as preexisting shear zones or just irregularities of the initial pipe shape which are levelled to a more stable rock mechanical slope. The cavity observed at the contact of K2 to the country rock (see above) could be the remnant of such a collapse and removal of brecciated material. Since the contact of the talus fans towards the country rock is not well exposed, it is not clear, whether the fans are in situ or whether they subsided into lower portions of the diatreme. In any case, they must have been formed within the basement level. If the breccias are in situ and not subsided, then primary volcanic and secondary sedimentary processes must have been originally very deep and subsequently filled up the crater. This would also mean, that the "TKB" overlying the talus fans, which shows a mixture of xenolith lithologies including sedimentary clasts which overlaid the basement (missing in the talus fans), is either a reworked pyroclastic rock, i.e. a mass flow fed from the tephra ring, or a primary pyroclastic rock derived from volcanic activity post-dating the deposition of the talus fans, either directly from K2 or from a neighboured pipe such as K1. The crude to fine bedding observed in the "TKB" would support the latter origin. Regardless of the origin of the "TKB" overlying the talus fans, it cannot be an intrusive rock. Figure 7 . The figure shows a series of talus fans sedimented from left to right, some of them with a slightly discordant on-lapping. The fans also show distinct differences in country rock xenolith contents and the lithologies of the blocks: some fans consist nearly entirely of amphibolite blocks, others of quartz-feldspar gneiss fragments. View towards the North, bench height is 12m. See also person as scale.
Kimberlite dominated breccias occurring within the pipes
Bedding within "TKB's" has been observed in various forms in the open pits of both K2 and K1. Although widely unstructured, the "TKB" in K2 overlying the talus fans shows local areas with very distinct bedding on a decimetre to metre scale (Figure 12 ). Similar to the talus fans, measured bedding orientations dip at shallow angles (less than 25°) towards the K2 centre, suggesting subsidence or differential compaction.
Bedding may also have been present on a larger scale, but it was not entirely clear from the outcrop in the open pit of K2 whether the observed colour differences were due to original bedding or if they are only an alteration effect. The latter also applies to possible bedding in K1, were nearly horizontal differences in colour, hardness and alteration were observed. However, single loose blocks removed from their original position during mining activity showed clear bedding on a decimetre scale. Unfortunately the exact source of these blocks could not be established, but they certainly originated from bench 10, the deepest mining level in Venetia K1 at the time of observation.
At bench 10 close to the northwestern margin of K1, numerous allochthonous crater facies blocks have been found embedded within superficially unstructured "TKB's". These blocks are red-brown in colour, which is in contrast to the grey colour of the enclosing "TKB". The blocks are up to a few metres in size, but an exact size is difficult to determine, since the larger blocks especially, have only very vague, fluidal outlines. Bedding and lamination as well as soft sediment deformation textures at the interface between bedding planes are evident within the crater facies blocks. In the finer-grained beds mud clasts were frequently present, and some of these mud clasts were also found in the coarser-grained beds. This suggests reworking in the presence of water, which is also confirmed by the soft sediment textures of the bedding interfaces (see also section 5. solidified at the onset of renewed volcanic activity and the "TKB" also must have had some moisture content. The crater blocks are thought to be not in situ but to have downrafted towards deeper levels of the pipe during ongoing volcanic eruptions, together with the hosting "TKB".
Hypabyssal intrusions
The central areas of the pipes filled with "TKB" and preferentially the margins of the pipes were locally exploited by hypabyssal kimberlite intrusions. They are at least in part late dyke intrusions, as dykes were observed at the southeast side of K2 in contact to the country rock. The latter dykes have a thickness of up to 0.5m and are usually relatively carbonate-rich, olivine macrocryst-poor kimberlite intrusions.
The genetic relationship of massive, rather carbonate-poor, olivine macrocryst-rich hypabyssal intrusions at the south side of K2 and in areas along the eastern margin of K1 is not clear. In the magmatic emplacement model, they are interpreted as intrusions predating or syngenetic with the "TKB"s in the centre of the pipes, since they may show features interpreted as being transitional towards the fragmental "TKB"s (i.e. increase of microlitic clinopyroxene and decrease of carbonate; Skinner, personal communication 2000) . However, the genetic relevance of these features is still under discussion. Some massive hypabyssal intrusions show a sharp contact to the adjacent fragmental kimberlite and their intrusion probably post-dates the fragmental kimberlite. In general, hypabyssal kimberlite is more frequent in smaller bodies and in deeper levels of the pipes, which coincides with the observations in drill cores (see section 5.2).
Floating reefs
In a large area within the western portion of K4, massive, olivine macrocryst-rich hypabyssal kimberlite intrudes large blocks of basement filling the deeper levels of this pipe (Figure 13 ). The basement rafts appear to block the pipe, since below the house-sized blocks only hypabyssal kimberlite occurs, but above and towards the centre of the pipe a "TKB"-looking rock prevails. We consider the large country rock blocks filling K4 as part of a large, hardly disintegrated floating reef, which probably subsided only a relatively small distance from its original position. However, further drilling is needed to clarify the structure of this pipe in more detail.
Observations in drill cores
During a drilling program in 2000, the first author has carefully logged a number of drill cores. All cores drilled into TKB exhibit some degree of bedding.
Drill cores from Pipe K2
In general, the bedding in K2 is less apparent than in K1 and shows greater bed thicknesses than the upper parts of the cores drilled into K1. In RDH2, the drill hole drilled through the "TKB" of K2, two major units could be differentiated. However, bedding planes were difficult to define (the transition zone between the two major units was about 6m thick), although differences in xenolith abundance, -size and -type between and within the two major units were clearly visible ( Figure 14) . Thus, a statistical approach by point counting was used to confirm the inhomogeneous nature of the "TKB" (Figure 15 ). Especially at a depth between 40 and 46m there is a clear increase in xenolith content producing a clast-supported texture within this depth sequence. The xenoliths consist of a well-mixed assemblage of mantle nodules together with gneiss, amphibolite, dolerite, rhyolite and shale clasts (i.e. a mixture of local basement and overlying sedimentary lithologies), most of them relatively well rounded and with average clast sizes between 5 and 10cm.
Drill hole RDH1a is located in the western part of K2 and was drilled into the talus deposits described in section 5.1. Hannweg (1998) and Seggie et al. (1999) noted that the western margin of K2 consists of a country rock breccia which grades into a 50 to 90m wide area of transitional, xenolith-rich hypabyssal kimberlite. Therefore drill core RDH1a consists of fragmental kimberlite and hypabyssal kimberlite with variable xenolith contents (up to >80% country rock), country rock breccias with minor kimberlite matrix and massive country rock blocks several tens of metres in section. The latter blocks may show local brecciation and small intrusions of xenolith-poor hypabyssal kimberlite (<15% xenoliths) and xenolith-rich hypabyssal kimberlite (>15 % xenoliths). The margins of these blocks are often highly brecciated and there seems to be a gradual transition of the blocks into the adjacent country rock breccias. Late crosscutting kimberlite dyke intrusions are also present and consist of nearly aphanitic, highly segregationary kimberlite.
The hypabyssal kimberlite intersected by RDH1a is olivine-macrocryst rich and shows a fine-grained, dark green to brown groundmass. It contains rare autoliths of a previous hypabyssal kimberlite intrusion and the groundmass is occasionally segregationary in texture. There is a high probability that several different hypabyssal kimberlite batches were intersected by RDH1. These batches show slight differences in colour and olivine-macrocryst size and abundance, but due to the high content of country rock xenoliths it is hard to distinguish any boundaries.
The matrix filling the interstitial spaces of the country rock breccia drilled by RDH1a consists of fragmental kimberlite with juvenile pyroclasts. Finely bedded fragmental kimberlite with a well developed inverse grading is locally present interstitially between larger xenoliths. These inverse graded beds represent either primary bedding of volcaniclastic kimberlite material deposited on the surface of the talus fans or postdepositional filter sedimentation of interclast void spaces by a water-mud mixture. A similar process is suggested by core sections which show a distinct vertical alignment of platy xenoliths within hypabyssal kimberlite but an absence of larger olivine macrocrysts (which are usually present), which may have been lost due to a filter process of the kimberlite (see above) intruding the closely-packed xenolith breccia.
In general, the abundance of xenoliths seems to increase with drill core depth. This could be due to the probably constricting shape of the pipe (reduction in volume) and that the drill core actually approached the country rock contact with depth, although it was drilled slightly dipping to the east, away from the contact. Most hypabyssal breccias contain a wide range of often wellmixed xenolith basement lithologies (mostly amphibolite, biotite schists and gneisses). Sedimentary xenoliths or dolerites (as they have been found in the "TKB's" of drill hole RDH2) were not found, confirming the observation in the talus fans within the open pit (see section 5.1). The shape of the basement xenoliths is mainly angular to sometimes subrounded, and the clast size is highly variable from a few mm to several metres. No correlation between the degree of rounding, the clast size, and any particular lithology was observed. Some well-rounded xenoliths (up to 20cm) have been observed from 124m to 126.5m depth.
Drill core DDH195 supports the principal structure of pipe K2: TKB-like, fragmental material fills most of the central and eastern portion of the pipe and is underlain to the west by very country rock rich material. The hypabyssal kimberlite locally intruded into the latter breccias is widely of segregationary nature, but fragmental (bedded) volcaniclastic kimberlite can also be found in between country rock blocks. These country rock rich basement breccias are interpreted as talus fans successively filling the crater and which are overlain by a later massive pyroclastic or resedimentation event (see section 5.1).
Drill cores from Pipe K1
Drill holes from pipe K1 were either drilled into fragmental kimberlite or into the marginally occurring hypabyssal intrusions in the southeast and northeast. K1 was originally subdivided into the East and West "TKB" (Seggie et al., 1999) , but the petrographic differences between these two "TKB's" are only minor. However, all cores drilled into fragmental kimberlites show more or the less distinct bedding, from a local centimetre scale up to several tens of metres in bed thicknesses. Especially the uppermost portions of the drill cores reveal relatively well sorted volcaniclastic rocks with normal graded, 3 to 8m thick beds. Bedding planes or interfaces between different beds are usually not very distinct or show soft-sediment deformation textures. If distinct interfaces are present, they often show a dip between 30°and 80°.
Towards deeper sections of the drill cores the beds tend to become thicker and more difficult to distinguish -bedding planes are almost always obscured. However, the beds are still characterised by frequently clear differences in xenolith abundance, size and types. The abundance and size of olivines may also vary clearly. Bed thicknesses are frequently between several tens of metres up to about 80m. Local orientation of olivines suggest shear movement during deposition or compaction, which could diffuse or destroy original bedding features. The thickest unstructured section of about 80 m in a drill core was encountered in the core section from 235.5m to 317.1m in drill hole RDH6, which appears as massive, TKB-like rock. Although there are minor lithological differences in this section, the differences are too vague to suggest a further subdivision. This massive section is underlain by a distinctly different, fine grained material, suggesting that also the overlying massive bed is still of volcaniclastic origin and is either a single unit of a massive back fall or mass flow or a combination of several units which have lost their primary bedding structures due to relative movement and compaction.
Many beds, including those beds situated in deeper levels of the pipe, often show fine-grained tops with thicknesses between a few dm and two metres. These
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Figure 13 (13). On bench 3 in K4 highly fractured amphibolite is intruded by at least two phases of hypabyssal kimberlite (light and dark grey veining suggest that the entire block is not in situ and is in fact a floating reef. The dashed line in the plan view (inset) shows the delineation of tops are usually well sorted (clast sizes < 2cm), normally graded, and show planar and cross bedding on a cmscale (Figure 16) . Only a single bed shows inverse grading with an increase of the matrix content towards depth (188.95 m to194.3m, RDH6). Isolated, irregular patches of fine-grained material (originally ash layers?) can be frequently found within the massive volcaniclastic layers. They usually show soft sediment deformation textures (Figure 17 ), testifying their unconsolidated nature and the presence of moisture still trapped within them during compaction. It is difficult to interpret the origin of these finer-grained layers as they may represent either resedimented material of originally graded pyroclastic or epiclastic beds, the fine-grained products of elutriation ash clouds or base surge deposits.
The normal colour of the drill cores is light olive to grey, but the fragmental kimberlite may show intensely red and brown coloured sections, often with very sharp transgressions from the still dominating olive colours. There is no direct evidence that the colour change is attributed to a lithological change (bedding), but the red areas seem to incorporate a slightly higher proportion of red mud clasts. These mud clasts are often internally homogenous, but may also show fine, partly convolute lamination or may contain themselves finely brecciated smaller mud clasts. Occasional small olivines incorporated in these mud clasts suggest a direct genetic relationship with the kimberlites of the cluster.
The fact that these mud clasts as well as the allochthonous crater blocks (see section: 5.1) are embedded within more massive volcaniclastic units clearly suggests the presence of various phases of volcanic activity and inactivity during the life span of the Venetia volcanoes. The crater blocks are fine-grained, laminated and may show soft sediment deformation colours). Note the difference in the direction of the foliation, which reflects a country rock fold. Increased fracturing and intensive kimberlite the floating reef towards the in situ country rock. The analyses were done using a line scan about all three metres in distance with a ruler over an area of 1m, using the cm-lines as reading points. Pipe K2, drill core RDH2.
textures. This and the presence of mudclasts suggest a high moisture content of the sediment during deposition and possibly even reworking under the influence of freely flowing surface water. The fine grain sizes suggest a relatively low relief gradient on the crater floor, i.e. that the crater was either already filled up and levelled with the surrounding land surface at a certain stage within the volcano's life span, or that this fine-grained material explicitly derives from a central playa or crater lake environment. Fragments of earlier mud clasts also suggest reworking of earlier consolidated material, supporting the temporal gap between the volcanic phases. This means that groundwater must have been present in these phases of volcanic inactivity at a very high structural level within the pipe and on the maar crater surface. Since these mud clasts and allochthonous crater blocks are incorporated into massive volcaniclastic layers with a certain degree of moist content of their own (see above), groundwater must have been also present during the onset of the volcanic event producing the host layers.
Clear evidence that external water -or at least a high moisture content -was present during the volcanic activity of Venetia and that the intersected rocks are in fact products of a volcaniclastic process and not intrusive rocks like a "TKB" sensu strictu, is the core intersection between 27.6m and 33.7m of drill core RDH7 ("TKB" East in K1). This section starts (from the top) with finely laminated beds of very fine-grained material (Figure 18 ), which towards depth becomes more and more interbedded with lenses, and layers of medium-to coarse-grained sandstone. The topmost laminae show distinct convolute bedding incorporating some microfaulted blocks of the same laminated material. This suggests initial consolidation of the rock (probably during a drying process form the surface), but also that water was still trapped in deeper layers during the onset of the drying process. The convolute deformation is either a result of sliding of the still water-rich sediment or the sedimentation of the next volcaniclastic layer on top of the drying surface that may have squeezed the water out by its weight (Figure 18 ). With increasing depth the laminae disappear and the layer becomes more and more coarse-grained and massive. After about 3.7m (at -31.3m depth in drill hole RDH7) the bedding planes turn from ± horizontal to almost vertical, and a few dm deeper the vertical bedding structures are replaced by vertical orientation of Figure 16 (19) . A fine-grained top layer of a bed shows some cross-and lensoid bedding. Pipe K1, drill core DDH203, depth increase from top to bottom, left to right. olivines parallel to vertically oriented, very fine-grained thin tracks, either representing water escape structures or shear zones. The last dm of this zone are characterised by homogeneous fragmental kimberlite, which shows a sharp and steep contact to the next underlying graded bed.
This core section is interpreted as a (resedimented) fine ash layer, probably reflecting a period of relative low activity in the life span of the volcano. The crater environment is supported by the relatively well-defined graded beds overlying this section (see above), which are less massive than the beds beneath this section. Soft sediment deformations, convolute bedding and the lensoid appearance of mm-thick coarser layers furthermore suggest the presence of a high moisture content or even of free surface water. The scenario of sedimentation of a fine elutriation ash cloud settling onto the maar crater floor (into a shallow crater lake?) with subsequent resedimentation seems plausible. Microfaults (see above) on top of the layer and a clast of these laminated sediments found in the graded beds about 14m higher in the succession also suggest initial consolidation (drying) of the rock before the next layer was sedimented on top of it.
Drill holes drilled into the adjacent "TKB West" show a very similar picture of bedded volcaniclastic material, often with normal grading and signs of reworking, especially in the finer grained upper parts of the beds. The bed thicknesses vary from several metres to few tens of metres. Grading is restricted to few dm at the top of the respective beds, otherwise the beds appear massive with only gradual differences in xenolith or olivine size or abundance. The fine grained tops of the beds sometimes show fine planar bedding and lamination or even cross bedding, suggesting reworking or possibly a base surge origin.
The rocks of the drill cores are frequently cut by mostly thin, kimberlite dykes. The dykes are normally fine grained to aphanitic, are segregationary in texture and show a sharp and steeply dipping contact to the surrounding fragmental rocks, which often reveal a contact metamorphic change in colour. Some of the dykes consist of a multitude of different kimberlite phases and show an enrichment of carbonate towards the margins of the dyke (often more on top of inclined dykes). Locally, strong flow alignment of olivines is evident. The most striking feature of most of the dykes is the presence of carbonate quench crystals, often forming a spinifex-like texture in the rock.
The last 30m of drill core RDH6 are made up by olivine macrocryst-rich hypabyssal kimberlite. The interface to the overlying volcaniclastic unit is sharp and does not show signs of extensive alteration. The hypabyssal rock is locally segregationary in texture, but a continuous transition from the coherent hypabyssal rock into the fragmental "TKB" was not observed. This should have been evident if the hypabyssal and the volcaniclastic kimberlite were cogenetic (e.g. Clement, 1982) .
Observations in thin sections
Kimberlite samples from Venetia have been identified as hypabyssal and crater facies rocks, but also as typical southern African "TKB's" (Colgan, personal communication 1982; Field and Scott Smith, 1999; Skinner, personal communication 2000; own data) .
Hypabyssal kimberlites
Hypabyssal kimberlite samples are in many cases very olivine macrocryst-rich and unusually closely packedsometimes even grain supported. They may be segregationary in texture, although most hypabyssal kimberlites show a homogeneous groundmass. Segregationary-textured kimberlites (e.g. Clement, 1982) are often better developed towards the contact with "TKB's", but sometimes hypabyssal kimberlites can still show a non-segregationary, homogeneously-textured groundmass immediately adjacent to the "TKB" contact. However, all contacts between the hypabyssal and the volcaniclastic kimberlites observed in drill holes were sharp and not transitional. Late intruding kimberlite dykes, ranging in thickness from a few cm to several metres, frequently cut fragmental as well as hypabyssal kimberlites. These dykes often show a concentration of larger olivine macrocrysts within their central areas. However, slightly inclined dykes may show normal olivine gradation towards the lower edge due to gravitational settlement. Some dykes show signs of multiple injection phases. The contact with the intruded host rock is usually fine(r) grained.
The relative abundance of olivine-poor (nearly aphanitic), very carbonate-rich, mostly thin dykelets or marginal sections of thicker dykes which occur in deeper levels of the Venetia pipes (see above) is a feature peculiar to Venetia. These carbonate-kimberlites often show a spinifex-like carbonate quench crystallisation forming a comb-layered texture. The quench crystals are up to 2cm long and usually grew perpendicular to the cooling front from the contact to the country rock into the still hotter central portions of the dyke. However, sometimes the carbonate quench crystals occur in isolation within the dykes and are flowaligned throughout the intrusion. Along the contact between these carbonate-rich late dykelets and their coarse-grained groundmass host rocks, abundant coarse spinel is found.
The more massive hypabyssal kimberlite intrusions occasionally show carbonate-filled probable amygdales. Before the void space of the vesicles was filled with carbonate, relatively coarse-grained microlitic clinopyroxene was growing from the wall of the vesicle into the vacant spaces from the sides.
"Tuffisitic Kimberlite Breccias"
A truly interesting aspect of the volcanology of the Venetia pipes is the presence of microscopically typical Southern African "Tuffisitic Kimberlite Breccias" within macroscopically clearly bedded volcaniclastic material. In thin section, most of the samples representing fragmental kimberlites have been identified as "TK's" or "TKB's" by Colgan (personal communication 1982) , Field and Scott Smith (1999) ; Skinner (personal communication 2000) and own observations. Petrographically the rocks are typical southern African "TKB's" and comparable to those found in the Kimberley pipes (Field and Scott Smith, 1999) . However, judging from drill hole logs and the depth of these samples, they derive from clearly bedded volcaniclastic material or originate from already mined sections of the pits. Since more or less obvious bedding was found in all drill cores drilled into fragmental kimberlite (especially in the upper parts of the cores), it is assumed that the overlying, mined-out sections of the pipes also showed macroscopic evidence of bedding. Even the more massive bottom parts of the drill cores show signs of bedding (although by far less obvious than in their upper parts). The deepest drill hole information of bedded cores from K1 is at -350m (RDH7), drilled from the bottom of the pit at -80m from the present surface. Together with the amount of erosion since emplacement, which is estimated to be between 300 and 600m, the thickness of bedded material would thus lie between 700 and 1000m.
By this observation the samples cannot qualify as tuffisitic kimberlite breccias sensu strictu, since these are by definition intrusive rocks and as such are expected to be massive and unbedded in nature (Clement and Reid, 1989) . One could argue that these "TKB's" are actually derived from the transition zone between an intrusive TKB potentially present in deeper levels of the pipe (not yet intersected by drilling) and the overlying zone of massive back fall (or mass flows) filling the vent. However, the latter would then be of volcaniclastic and not of intrusive origin and the nomenclature for pyroclastic or epiclastic rocks must therefore be used. material present in cores towards depth, the authors expect that the fragmental kimberlite becomes more and more massive and unbedded in nature. Whether this material should then be regarded as a true TKB in the sense of an intrusive rock is highly questionable. A loss of bedding, which is in the constricting lower portion of a pipe difficult to preserve in any case, could easily be explained by primary volcanic processes (inflation and deflation of the lower pipe portions by explosions in the root zone; Lorenz and Kurszlaukis, in preparation) or by secondary processes due to e.g. differential compaction.
Volcaniclastic kimberlites
As mentioned earlier, the volcaniclastic kimberlites found in the pits and drill holes of the Venetia cluster show a great variety of sedimentary features including lamination, cross bedding, normal and inverse grading, sorting, soft sediment deformations etc., and most of these features can also be observed in the thin sections of the respective samples (see Figure 19 ). As mentioned above (sections 5.1 and 5.2), isolated blocks of well bedded and even laminated material can be found within the coarser bedded volcaniclastic material filling the vents. These isolated epiclastic blocks generally contain a high abundance of well sorted, mostly angular to minor subrounded quartz grains. Sandstone clasts of similar material were not observed. The relative angularity and sorting of the quartz grains, and the absence of sandstone clasts of the same material suggest either the presence of a large amount of unconsolidated sand on top of the paleosurface at the time of emplacement or a high fragmentation energy during volcanic activity which was able to fragment the country rock down to small grain sizes. However, these quartz grains were not observed in the bedded "TKB"-like material, which enclose the epiclastic blocks.
Mud-rich layers interbedded with the quartz-rich epiclastic beds occur, which may contain occasional quartz and altered olivine grains. The most frequent constituents of these mud-rich layers are reworked granule-and pebble-sized rounded mud clasts of earlier consolidated mud-rich layers. These clasts, and the fact that the isolated blocks of this epiclastic material are located within the more massive volcaniclastic material, suggests that the emplacement of Venetia was a longlived process with considerable periods of inactivity between renewed volcanic activity, i.e. the emplacement was not a single event.
Another interesting feature of Venetia K1 is the presence of occasionally abundant accretionary (armoured) ash grains and lapilli, which are best seen in thin section (Figure 20) . These pyroclasts were found in samples from drill hole DDH 10 drilled into the central part of K1. Unfortunately they derive from an already mined-out level (core interval from 78.5m to 103.5m in the -62°inclined hole) and potential bed thicknesses within this interval are not known. The ash grains and lapilli have diameters between 0.5 and 2.5mm and often have an altered olivine (and rarely a country rock fragment) as kernel. The kernels are surrounded by up to three, highly altered and very fine-grained rims consisting of serpentine, clay minerals and carbonate (recrystallisation products). Within these rims, very small phlogopite laths are concentrically aligned around the kernels. On occasions, the outermost rim is partially missing or seems to be squeezed into intergranular spaces. The abundance of the pyroclasts varies from thin section to thin section, but may reach a grain-supported texture (> 50 % of the rock volume).
These very specific pyroclasts are usually formed within a moisture-rich eruption cloud and testify to the presence of water during eruption (Schumacher and Schmincke, 1991; . They are usually associated with a phreatomagmatic eruption process.
Conclusions
The detailed study of the Venetia kimberlite pipe cluster clearly illustrates a distinct influence of structural features of the country rock onto the pipe shapes. The shapes and positions of the pipes are widely controlled by pre-existing inhomogeneities in the country rock. The pipes are elongated and follow the strikes of shear zones, faults and other inhomogeneities within the country rock. Some of these country rock structures were re-activated after emplacement of the kimberlite. A number of pipes (K4, 5 and 6, as well as parts of K1) are even located on the intersection of faults. The pipe shapes are then irregular or lobe-shaped and follow the local trends in the country rock (see K2 and possibly K1 and K4). At least some of the country rock breccias, which had marginally slumped into the pipes, are bound by older faults. Due to the close relationship of country rock inhomogeneities with pipe shapes it is of great importance to map the immediate country rock with the same accuracy as the internal structure of the pipe, especially for mining purposes.
The Venetia kimberlite pipes have been regarded as typical southern African pipes, i.e. they are large and presumably deep pipes occupied by a fragmental rock which had been termed "Tuffisitic Kimberlite Breccia", or "TKB". The origin of this rock had been thought to be intrusive, and by that it should be unbedded and massive.
Our work has shown that bedding is present on a micro-, macro-, and megascale throughout the entire body of fragmental kimberlite down to a depth of 430m from the present land surface. In general, bedding seems to become less obvious towards depth and the beds become more massive, often up to several tens of metres thick with only thin, fine(er)-grained and partly reworked or primary pyroclastic tops. Although these bedded rocks are clearly of volcanogenic origin, they still classify as classical "TKB's" in thin section.
Bedding, signs of reworking in between and on top of the massive "TKB" layers, and the presence of mudclasts and quartz-rich layers within fine grained and fine bedded crater-facies blocks found as isolated blocks in the younger volcaniclastic kimberlite hosting them as well as the presence of talus fans suggest time spans of relative volcanic inactivity in between very violent phases, contradicting the presence of a single, highlyenergetic eruption.
Water was evidently present during emplacement of the Venetia kimberlite pipes. This is testified by the presence of accretionary (armoured) lapilli, possible lake beds, soft sediment deformation textures and cross bedding observed in the reworked, fine-grained layers overlying massive beds. Isolated crater-facies blocks with unknown genetic relationship to the hosting volcaniclastic rocks clearly show bedding (lamination), sorting, the presence of mud clasts and soft sediment deformation textures. All these features suggest a high moisture content of the volcaniclastic sediments during and after emplacement and possibly even free flowing water on the crater floor.
Collapse structures as seen in the slump breccias at the south-west side of K1 and other contact breccias, sidewall oversteepening, a possible floating reef in K4, and the collapsed roof of a possible cavity at the northwest side of K2 all suggest a volume deficit in deeper levels of the pipe. The nature of these apparently slumped country rock breccias around most of the pipes and W. Barnett as part of a doctoral thesis is investigating the evidence for their origin.
General problems are the different size and the different structural levels of the pipes within the same cluster of the same age at the same erosion level. At K4, a relatively small pipe, a contact breccia is present, which is rather typical for root zones or lower levels of a diatreme. This is also the case at K8, a xenolith-rich hypabyssal intrusion which is surrounded by an envelope of highly brecciated country rock. This pipe may well be interpreted as an exhumed root zone surrounded by contact breccias. In adjacent K1, the largest pipe of the cluster, bedded volcaniclastic kimberlite is present over 350m deeper than the contact breccia in K4. At the same depth level talus fans within K2 suggest sedimentation onto the crater floor, which are overlain by "TKB"-looking rocks.
A fundamental problem is the presence of petrographically identified "TKB"s. In thin section they fulfil all requirements for typical "TKB"s (Colgan, personal communication, 1982; Scott Smith, 1999, Skinner, personal communication 2000 , and own data), but they derive from bedded sequences and even overlie crater floor talus deposits in K2. We regard these rocks as volcaniclastic deposits and not as intrusive rocks.
A further open question is by which kind of process the volcaniclastic layers filling the pipes were formed. They are either pyroclastic or reworked epiclastic and may either be related to the same volcano into which they were deposited in or related to a neighbouring volcano in the same cluster (for the latter case only rather thin beds are expected) (Cloos, 1941; Lorenz, 1982) . It is also not clear to which extend the diatreme was evacuated by a potentially vent-clearing process, or whether the maar crater was relatively shallow and filled up by the renewed sedimentation of volcaniclastic material during ongoing subsidence (Lorenz, 1985; 1986) .
The authors stress that the information provided in this paper is the state of knowledge at the time of submission of the manuscript. We are aware, that with the continuous mining of the pipes, more features relevant for developing an emplacement model will be discovered. However, in any model that will be developed to explain the emplacement of the Venetia cluster, all of the volcanological and structural features described above must be taken into consideration. The authors suggest that the observations presented in this paper are more easily explained by a volcanic emplacement history that was dominated by episodes of phreatomagmatic eruptions.
